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emodynamic assessment often does not occur until after an acute cardiac episode. If an accurate, noninvasive measurement of cardiac output (CO) monitoring were available, acutely ill and surgical patients undergoing major operations such as coronary artery bypass graft (CABG) would benefit.
In addition, many patients with chronic and comorbid diseases that ultimately lead to the need for major operations and other costly interventions might benefit from more routine monitoring of CO and its dependent parameters such as systemic vascular resistance (SVR) . Studies have shown that clini-
clinical investigations in critical care
cian estimation of CO and SVR show poor correlation to measured CO and SVR values, 1 thus patients are subject to potential misdiagnosis and mistreatment when CO and SVR are part of the therapeutic goal.
The most commonly used method of measuring CO in the ICU is with the indicator-dilution technique of thermodilution (CO-TD), which utilizes a pulmonary artery catheter (PAC) to estimate CO. 2, 3 However, the risks of estimating CO-TDs via PAC are well-documented to include infection, sepsis, and arrhythmias, as well as increased morbidity and mortality. [4] [5] [6] As such, hospitals have reserved the technique for only the most critically ill patients or have discontinued using the PAC altogether. Furthermore, CO-TD estimations can be inaccurate and variable due to the assumptions used by the technology, operator technique, and/or patient factors. [7] [8] [9] [10] [11] Clearly, there is a need for a low-cost, accurate, noninvasive alternative.
A noninvasive alternative method for determining CO and SVR is that of impedance cardiography (ICG). ICG measures the beat-to-beat changes of thoracic bioimpedance via four dual sensors applied on the neck and thorax in order to calculate stroke volume (SV). ICG was first advanced in 1940 by Nyboer et al, 12 who, using the resistivity () of blood and the length (L) of the chest, established the relationship of impedance change (⌬Z) and base impedance (Zo) to the volume change (⌬V) of the tissue under measurement as follows:
In the 1960s, Kubicek et al 13 were commissioned by the National Aeronautics and Space Administration to develop a noninvasive method of determining CO. The result of that work was the development of the Minnesota Impedance Cardiograph and a new equation for SV that incorporated the maximum value of the first derivative of the impedance waveform (dZ/dtmax) and the left ventricular ejection time (LVET), as follows:
LVET
In the 1980s, Sramek et al 14 developed a less cumbersome ICG device with a new SV equation that substituted the cylindrical model of the chest used by Kubicek et al 13 with that of a truncated cone. At the same time, L was approximated as 17% of the patient's height (H). This yielded the following equation:
In 1986, Bernstein 15 modified the equation of Sramek et al 14 by introducing the term ␦ (the actual weight divided by the ideal weight), which accounted for deviations from ideal body weight as established by Metropolitan Life insurance tables. The purpose was to determine more accurately the volume of the thorax, as follows:
Advancements in hardware and software with the latest generation ICG monitor (BioZ; CardioDynamics; San Diego, CA), including digital signal processing (DISQ digital impedance signal quantifier; CardioDynamics) 16 and the creation of a proprietary modification to the Sramek-Bernstein equation (ZMARC impedance-modulating aortic compliance) have yielded significantly better results. [17] [18] [19] [20] These advancements and the experience of this investigator led to a desire to reevaluate ICG CO measurements using the ZMARC equation (CO-ICGs) in post-CABG patients comparing them to CO-TDs, as well as to those derived from predecessor ICG CO equations in the same patient population.
Materials and Methods
Study approval was obtained from the institutional review board. Patients who already had PACs and were having their CO-TDs determined were identified and approached for participation in the study. Informed written consent was obtained from each patient, or from their spouse or guardian. Fifty-three postoperative ICU patients (37 men and 16 women) consented to be included in the study. No patient was excluded. All but three patients had undergone a CABG procedure. The three exceptions included a patient who had undergone an isolated valve replacement, a patient who had undergone an abdominal aortic aneurysm repair, and a patient who had undergone a pneumonectomy following a gunshot wound to the chest. All comparison CO measurements were performed within 24 h after surgery, after each patient had recovered from anesthesia and was alert. Patient acuity was variable, with four patients being assisted by an intra-aortic balloon pump. Ages ranged from 18 years for the gunshot wound patient to 87 years for a CABG patient (mean age, 64 years; SD, 12.2 years), and all patients survived. All ICG CO measurements in this study were performed with one monitor (BioZ ICG monitor; CardioDynamics; San Diego, CA).
CO-ICGs were performed according to the manufacturer's guidelines at times coinciding with the routine CO-TD obtained by the nursing staff during each thermodilution fluid bolus injection. As the nurse injected each fluid bolus (ie, a room temperature saline solution), attempting to obtain a minimum of three CO-TD values with a Ͻ 10% variation, we recorded the CO-ICG values. Unlike the CO-TD values, which are obtained with individual injections of saline solution, usually at various times during the respiratory cycle, the CO-ICG values were continually displayed and updated on the ICG monitor every 10 beats. In this manner, at least three pairs of CO measurements were obtained for each patient. The nurse-determined acceptable CO-TDs were averaged to obtain the final CO-TD for each patient. The CO-ICGs corresponding to the accepted CO-TDs also were averaged for each patient to obtain the final CO-ICG for each patient. All CO-TDs, including discarded measurements, were recorded for further analysis of variability associated with the thermodilution technique. All CO-ICGs also were recorded for variability analysis without any being either objectively or subjectively rejected.
In addition to displaying the CO-ICG values continuously, this ICG monitor also electronically recorded and stored other values (ie, heart rate, LVET, dZ/dtmax, and Zo) that allowed us to retrospectively calculate the ICG CO measurements via the previous-generation SV equations (ie, those by Kubicek [CO-K], Sramek [CO-S], and Sramek-Bernstein [CO-SB]). The CO-S (L ϭ 0.17 ϫ H) was used to calculate the thoracic length for the CO-K. Fifty-two of the 53 patients (36 men and 16 women) had data stored for further analysis due to the inadvertent deletion of one patient file from the ICG monitor.
The following statistical analyses for comparing the average CO-ICGs to CO-TDs were performed: Pearson correlation; regression analysis; and Bland-Altman analysis for bias and precision. 21 In addition to comparing the paired averages for the two CO methods, intramethod variability also was analyzed by restricted maximum likelihood estimation and intramethod linear regression analysis.
Results
Two hundred ten CO-ICGs were obtained in tandem with the nurses' CO-TDs in 53 separate patients. These raw CO-TD measurements were the basis of the intramethod variability shown in Table 1 . Of 210 CO-TDs, 160 (76.2%) were accepted. The accepted CO-TD average was used to compare to the ICG average for intermethod comparison.
Intramethod Comparison
The variability of measurements within a patient monitoring session was assessed via the differences between the first three measurements of the given technique compared to each other in a pairwise fashion. Results for the Pearson correlation coefficient, p values, bias, SD, and linear regression analysis with slope and intercept are listed in Table 1 . Using the restricted maximum likelihood estimation, the variability of the 210 individual CO-ICGs was 6.3%, and that for CO-TDs was 24.4%.
Intermethod Comparison
The results of the average CO-ICGs corresponding to the average of the accepted CO-TDs are listed in Table 2 . The results for Pearson correlation coefficient, p values, bias, SD, and linear regression analysis with slope and intercept are listed in Table 2 and are graphically represented in a scattergram in Figure 1 . When the 53 paired average CO-ICGs vs CO-TDs were tested with the Bland-Altman analysis, 21 the bias and precision were Ϫ0.18 and 1.09 L/min, respectively, with a 95% level of agreement between Ϫ2.36 and 1.99 L/min (Fig 2) . All differences fell within the 95% upper and lower levels of agreement.
Retrospective Intermethod Comparison
The results of the retrospectively calculated average ICG CO measurements made via the CO-K, CO-S, and CO-SB compared to the corresponding average of the accepted CO-TDs are listed in Table 2 . Pearson correlation coefficient, p values, bias, SD, and linear regression analysis with slope and intercept also are listed.
Discussion
For many biological and clinical measurements, a true standard for accuracy does not exist. The reason for this is that, like most clinical measurements, the desired quantity of measurement is not directly accessible and/or quantifiable. Therefore, technologies are developed that measure an indirectly related quantity to that which clinicians are interested. Often times, these various technologies are measur- In this study, we wanted to determine whether CO-ICG was accurate enough to be used clinically in postoperative CABG patients. In other words, how well does CO-ICG agree with the reference method? To answer this question, we had to define the term accurate enough. Therefore, we evaluated the reference technology (in this case, CO-TD via PAC) to see how well intrapatient CO-TDs compared.
Intramethod Comparison
The difficulties in obtaining a reproducible and accurate CO-TD via PAC have been well-documented. [7] [8] [9] [10] [11] This study experienced similar results. Comparisons of the first three serially measured CO-TDs resulted in a mean absolute difference between CO-TDs of 12% (SD, 13%). While the variation of the same paired CO-ICGs resulted in a lower mean absolute difference of 5.9% (SD, 6.5%). Linear regression analysis of the intramethod CO comparisons clearly reveals a wider variability and less agreement in the CO-TDs, compared to the case with the CO-ICGs (Table 1) . While restricted maximum likelihood estimation produced a substantially larger variability (24.7%) for intramethod CO-TD compared to that for the intramethod CO-ICG (6.3%), it cannot be concluded that CO-TD is less accurate than CO-ICG. It does, however, indicate that the intrapatient precision of CO-ICG is better than that of CO-TD. Nevertheless, with so much intrapatient variation between the CO-TDs within a given patient, it is fair to ask how well any new method for measuring CO can compare to the CO-TD method, given its inherent intramethod variability.
Intermethod Comparison
When comparing CO-ICG to the clinically accepted value for CO-TD, we found that the bias, precision, correlation, slope, and intercept were equivalent to the intramethod CO-TD values when compared to themselves (Tables 1 and 2 ).
Retrospective Intermethod Comparison
Retrospective analysis and comparison of the previous and current ICG CO equations (ie, CO-K, CO-S, CO-SB, and CO-ICG) all displayed a progression of improved agreement with CO-TD for the patients in this study (Table 2) . Each subsequent generation of method for ICG CO measurement resulted in a higher correlation, a slope more closely approaching unity, an intercept more closely approaching zero, less bias, and lower SD values than its predecessor.
Conclusion
Our evaluation of this ICG monitor (BioZ ICG monitor) has demonstrated clinically acceptable accuracy and superior intrapatient reproducibility compared to CO-TD via PAC. These findings, coupled with the drastically lower cost per patient and continuous monitoring capability of this ICG monitor led us to conclude that in those circumstances in which intracardiac pressures and mixed venous blood samples are not necessary, ICG is preferable to CO-TD via PAC in determining CO. Furthermore, the ICG monitor enables us to quickly and easily monitor CO and SVR in clinical areas where the PAC is not typically utilized, such as the emergency department, subacute care, and outpatient hypertension and heart failure clinics. More successful treatment of chronic outpatient diseases could reduce the development of even more costly shortterm interventions, such as CABG surgery. Recent results 22 have demonstrated up to 70% improvement in the treatment success of patients with hypertension when using ICG hemodynamic measurements to guide treatment compared to clinician-onlydirected treatment without the availability of hemodynamic measurements.
Our retrospective intermethod comparison also confirmed the findings of other investigators that CO-K, CO-S, and CO-SB were not accurate enough to be used in assessing seriously ill patients. They also confirmed that clear advancements have been made with the ICG monitor used in this study, providing a level of agreement that is equivalent to CO-TD.
Currently, noninvasive pulse oximetry is considered to be a de facto vital sign by clinicians. While the accuracy of pulse oximetry has been established, it is not without its limitations. In addition, to date no conclusive outcome studies on prospective assessments, diagnoses, and treatments based on pulse oximetry values have been completed. Contrasted to oxygen saturation via pulse oximetry, CO and SVR are affected by a wide range of pharmacologic agents that are routinely prescribed for managing both acute and chronic diseases. In most cases, these agents are prescribed and the patients are treated without any direct, objective evaluation of the complete hemodynamic condition by the treating clinician. Based on our findings of the equivalent and clinically acceptable accuracy and reproducibility of the ICG monitor use in this study, we believe that there is substantial merit in declaring noninvasive CO to be a useful vital sign in the assessment, diagnosis, and treatment of postoperative CABG patients.
